ABSTRACT
INTRODUCTION
The main ship control classification system covers a control at greater speeds and that at low speeds. It is usually assumed that ship motion at a speed higher than 2m/s [11, 14, 15, 17, 22] , is that carried out at greater speeds and deals with course keeping and motion along a given trajectory. Such motion control operations are performed in two degrees of freedom (2DOF). They cover ship longitudinal motion and rotation, i.e. heading change. And, ship motion control at a speed below 2m/s concerns a precision control and covers dynamic positioning (DP) whose aim is to keep a ship in a constant position and heading at a high level of external disturbances resulting from sea environmental effects of wind, waves, sea current and shallow water acting on ship hull [19] .
The manoeuvring of ship at dynamic positioning covers 3DOF control (i.e. in three directions of motion). In this case there is possible to independently control ship position (x, y) and its rotation r by changing bow heading angle relative to north.
Ship's structure and sea environment disturbances acting on it make that ship is not capable of changing direction of its motion (its orientation) on the spot. Taking into account an aim of control one strives to minimize deviations from a given position and heading by making use of ship propulsion and motion control devices such as screw propellers, rudders, azimuth propellers, thrusters.
Most of contemporary DP ship control methods are based on equations of mathematical model of object kinematics and dynamics [9, 22, 28] . Changes in point of operation of the system and impact of hydrodynamic phenomena result in that the ship kinematics and dynamics equations contain nonlinearities as well as variable coefficients.
Control over nonlinear systems with uncertainties still constitutes rather a not recognized field. The adaptive control method such as disturbance rejection control (ADSC), backstepping [ 10, 24, 25] as well as its modifications either of DSC (dynamic surface control) type [20, 26, 27] or other adaptive methods based on artificial intelligence theory [1, 3, 12, 16] , make it possible to design a dynamically varying feedback loop. The fundamental idea of the adaptive designing of control rule consists first of all in the assessing of value of an unknown parameter as well as the determining of its estimate. Next, the static part of the controller which contains estimated parameters is continuously actualized, depending on varying operational conditions of the system.
From the point of view of adaptive controller resistance analysis, information as to the impact of model parametric uncertainties on to control quality of the system, is crucial. In order to determine the impact of parameters of a multiparameter model on dynamic properties of control system there can be used a. o. numerical methods such as Monte Carlo [27, 28] , or Pareto [29] approach as well as artificial intelligence methods, which facilitate assessment of imprecise values as well as their interpretation in case of uncertain data [5, 21] . In the classic Monte Carlo method, the susceptibility of the system is subject to assessing in the situation when all parameters deviate from their nominal values simultaneously. By applying Pareto rule the system is subject to quality analysis. For an assumed variability range of estimated parameters, classification is performed and an impact of particular system parameters on value of objective function is determined.
An original contribution of this work to the considered question is determination of linguistic variables characterizing susceptibility of model parameters as well as determination of their affiliation to appropriate sets which define either crucial, moderate or minimum impact of the parameters on objective function. For this reason, there was carried out a susceptibility analysis of changes in values of control quality index for the ship dynamic positioning system designed with the application of the backstepping adaptive controller [10, 24, 6] . Such system was already proposed by these authors in the paper [25] .
In this work simulation investigations on the susceptibility of the system were performed with taking into account the integral control quality index. The assessment of the impact of model parameters on to control quality index was made on the basis of Pareto-Lorentz curves. During designing the control rule there were assumed that parametric uncertainties of damping matrix, Coriolis forces and environmental disturbances, may appear. The RBF neural network [2, 4, 18] was applied in every instant to approximate nonlinear functions containing parametric uncertainties. Rules for network's weights adaptation were determined with the use of Lapunov stability theory, depending on a point of operation of the system. Owing to this the neural network does not require any initial process of tuning the weights off-line.
STRUCTURE OF CONTROL SYSTEM
As far as the multi-layer structure of DP ship control is concerned, two control loops are of interest: the open feedforward loop where coupling signal is generated by the block of disturbance modelling (model of wind) as well as the main feedback control loop where set values of ship position and heading (course angle) are compared with their estimated values. The feedback control loop interacts with the control block directly, the drive control allocation system and measuring systems as well as the systems for ship position and heading estimation. The main control loop (Fig. 1) consists of the following modules: position and heading controller with control allocation system, dynamics of propellers, dynamics of DP ship (controlled object), and the observer of current estimated output values of position, heading and speed components: longitudinal, transverse and angular. Based on comparison of the vector of set values of position and heading, η d , with the vector of currently estimated values achieved from the observer, the DP controller determines forces and moments necessary to compensate deviations from the set values, in accordance with an assumed value of control error. In this system the DP controller of ship position and heading controls independently motion of the object in three degrees of freedom, determining: set values, the generalized vector of longitudinal and transverse forces and torsion moment for drive control allocation system where distribution of forces to appropriate settings of actuators is performed.
The system based on adaptive model of object, in this case -a ship, contains hydrodynamic description of its dynamic features and makes it possible to determine estimated values of parameters of position and heading. The model describes object's motion and response, with taking into account variable characteristics of resistance and added mass coefficients, depending on acting forces and moments.
MATHEMATICAL MODEL OF DP SHIP
During designing the control rule based on backstepping method and artificial neuronal networks, the mathematical model of motion of a unit dynamically positioned in horizontal plane, described by the following set of differential equations, was assumed [7] : The vector represents non-modelled, slowvarying environmental disturbances. The ship's model takes into account 3DOF motion, namely: longitudinal motion, transverse motion and change in bow heading angle.
The equation system (1)- (2) is of a cascade structure. The vector τ constitutes the control input to the system, while the vector v is a "virtual controllable output ". It simultaneously serves as a "virtual control input" for the subsystem (1). The vector of ship's position and heading, η, is the controllable output from the whole system.
During designing the control rule there was assumed that the ship's dynamics model contains parametric uncertainties in the matrices D, C, M, and that components of the vector b are unknown but slow-varying. Moreover, there was assumed that all state variables are measurable (or estimated) and limited. The set trajectories of position and heading, as well as their derivatives of 1 st and 2 nd order are smooth and time -limited functions.
DP CONTROLLER
According to the backstepping method, for the system (1)-(2) there were defined new state variables in the form of the control errors and as well as the vector of functions for stabilizing the first subsystem, . In the ship-fixed coordinate frame the control errors take the following form:
And, the stabilizing functions vector will be determined during designing the control rule. Based on the model kinematics and dynamics equations (1)- (2), derivatives of the control errors were determined as follows [25] :
After denoting the state variables dependent matrix by:
, the function takes the following form:
which contains unknown model parameters.
In order to determine the adaptation rule for the parameters of the matrices M, D, C and the vector b it is necessary to represent the function f in the form of a regression model and proceed further in compliance with the backstepping procedure. The components of the function were approximated by three artificial neural networks NN i of RBF type [25] whose outputs were defined in the form of the following regression model:
In the proposed system the number of radialneurons l = 4 was determined experimentally.
The input vector for neural network is as follows: , a nd t he s e t of values of basis functions of the networks NN i :
. Selection of the weights was made during the process of the control system adaptation to varying operational conditions. The control error dynamics equation (6) supplemented with RBF network equation, takes the following form:
The regression vector, i. e. the vector of RBF network weights, is defined to be: = . And, the regression matrix is expressed as follows:
The task for the backstepping controller is to determine the indirect control rule α intended for stabilizing the first subsystem (1), next the control rule τ for stabilizing the entire system (1)- (2) as well as the adaptation rule for the vector of weights , in relation to Lapunov function of the system.
The control rule was determined in relation to the Lapunov function V α which is a sum of squares of control errors and a component associated with estimation error of an unknown vector of weights . where:
is the diagonal matrix of controller amplifications, -the vector of estimation errors.
The control rules, α, τ are so selected as the Lapunov function derivative (12) to be negatively half-determined in the new variables system: (12) And, , represents the control amplifications matrix which is diagonal and positively determined. Comparing the derivative of the function (11) with the expression (12) one is able to determine the following relations:
• Adaptation mechanism for weights:
• Vector of stabilizing functions α, independent of the vector of estimates :
• Vector of control settings τ, dependent on the vector of estimates (weights of RBF network), calculated in accordance with (13) , under assumption that the network posesses a sufficient number of neurons:
If in the system fast varying disturbances do not act then the control rule (15) 
DESCRIPTION OF THE METHOD
For the investigations of impact of ship model parameters on control system quality, the integral quality index J defined to be a sum of squares of control deviations, was assumed:
The quality of the control system designed on the basis of ship's mathematical model is affected a.o. by errors resulting from non-exact information on the model parameters, i.e. coefficients of the matrices M, C, D and b. Applying the procedure described in [29] , one determined a set of basis parameters whose impact on objective function is investigated. Next, for every basis parameter its variability interval was assumed as follows:
For the analyzing of impact of particular parameters on value of the objective function J i in the form of (17): (17) where:
is the difference between maximum and minimum value of the objective function J i determined for the assumed parameter variability interval p i , the coefficient w i corresponding to the parameter p i was determined, depending on value of the evaluation function (17):
The coefficient w i determines a degree of effect of the parameter p i on evaluation value with respect to the entire set of parameters. After performing the calculations for all parameters one obtains a relative summary value of the the coefficients w i (18) , i. e. the cumulated value S i : (19) Based on the obtained values, Pareto-Lorentz curves illustrating a share of each parameter p i are formed. On the basis of Lorentz curve there is possible to classify the parameters, i.e. to determine affiliation of the parameters to the sets A, B, C, which have crucial, moderate and minimum impact on values of objective function, respectively. To this end, a classification typical for the classic ABC method was used to affiliate parameters: to the set A when values of their cumulated sums S i were lower than 80%, to the set B when they were comprised within the range <80%, 95%), and to the set C -when over 95%. The above presented analysis was carried out for the set points of the control system operation. Below are presented results of the analysis of basis parameters impact on value of objective function for various changes in values of set ship positions and headings.
SIMULATION INVESTIGATIONS
During ship manoeuvring ship's model parameters vary along with time, depending on many factors, a.o. hydrodynamic coefficients and ship speed. Model errors associated with parametric uncertainties have significant impact on deviation of ship's real trajectory from that assumed. In the analysis of impact of model uncertainties on dynamic features of the control system both quantitative and qualitative methods are used. In the publications [8, 13] Monte Carlo simulations were implemented for quantitative determination of uncertainties in DP system. In this work the authors' attention was focussed on qualitative analysis consisting in application of ABC method and Pareto-Lorentz curves to determine impact of particular parameters on changes in control quality index. The knowledge gained this way may be directly used for tuning the adaptive control system by taking into account range of each of the parameters. Such method has not been so far applied to susceptibility investigations of DP adaptive control system.
For the simulation investigations a mathemetical model of a supply ship of L=76.2m in length and 4591 t mass, was selected. The real dimensionless parameters of the model (1)- (2) were determined by using the Bis scaling system [7] and presented in Tab. 1. In the tests in question tere were selected zero-initial values of position and heading and estimated weights. During the tests with adaptive controller there were considered programmable inertial changes in values of the set longitudinal and transveres position, resulting from occurrence of slow-varying environmental disturbances modelled with the use of Markov process [7] . The parameters presented in Tab.1 are the model basis parameters whose variability range equal to ±20% of their real value was assumed.
Tab.1. Dimensionless values of basis parameters (Bis -scaled) i
Parameter Three cases of change in values of set position and heading were considered: for, η d = (10,10,10), η d = (5,10,10) and η d = (10, 5, 10) .
First of all, for the assumed range of changes in basis parameters (Tab. 1) and η d = (10,10,10) relative values of the quality index J i (17) , coefficients w i (18) Applying the ABC rule one is able to conclude that the parameters: d 22 , d 32 , d 33 constitute the group A which has crucial impact on control quality in the tested system. The parameters, d 23 , m 22 have moderate impact (group B). And, the remaining basis parameters are of a minimum impact on control quality in the tested system hence they belong to the group C. In an analogous way, for η d = (5,10,10) there were determined the groups of basis parameters of crucial (A), moderate (B) and minimum (C) impact on control quality in the tested system.
The obtained values are listed in Tab. 3 and presented in the form of Pareto-Lorentz diagram (Fig. 4) . The simulation investigations were conducted also for the third case: η d = (10, 5, 10) .
The obtained values are collected in Tab. 4 and presented graphically in Fig. 5 . In view of a lack of an unambiguous affiliation of the parameters to particular ABC groups in various points of the system operation, the obtained results were properly averaged. Namely, by making use of the relations (17 -19) , the average values of the coefficients J i , w i , S i , were calculated, as presented in Tab. 6. This made it possible to classify again the parameters to particular groups. Now, to the group A belong the parameters: d 22 The computer simulation results show that the system behaves correctly within the tested range of changes in estimated parameters, amounting to ± 20% of their respective real value, as well as for the assumed level of disturbances. For the parameters of crucial impact on values of the control quality index the ship's position deviations from the desired trajectory (Fig. 7) can be observed. Therefore it can be stated that the tested control system is more susceptible to changes in values of the parameters belonging to the group A, but less susceptible to model inaccuracies resulting from changes in values of the parameters of the groups B and C.
CONCLUSIONS
In this work there was performed a qualitative analysis of the designed DP ship control system with adaptive backstepping controller and RBF neural network used for estimation of ship model nonlinear function.
The qualitative analysis of the system conducted by means of Pareto-Lorentz diagrams and ABC method made it possible to distinguish which model parameters have crucial, moderate or minimum impact on changes in values of the control quality index.
It was observed that, depending on change in set values of ship position and heading, particular ABC groups contained another set of parameters. It means that each parameter affects the tested system to a different degree. In this case the concluding process based on classic methods may appear imprecise. In the future the investigated system may be tested towards finding its behaviour in function of its operational point with the use of fuzzy sets logic. In the case of multiparameter adaptive systems, information about impact of model parameters on changes in values of the control quality index may be used for tuning the control system and may effectively simplify analysis of the system resistance against modelling errors.
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